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Tracking microbial biodiversity through molecular
and genomic ecology

Abstract
Molecular ecology and metagenomics applied to the study of microbial biodiversity are changing our comprehension of the biosphere. An
impressive diversity of archaea, bacteria and, more recently, protists has been uncovered by molecular tools. Efforts to couple function to the
phylogenetic diversity observed in natural environments are leading to the discovery of novel metabolisms and to a re-evaluation of the global
ecological impact of known ones. Interesting questions relating to mechanisms of speciation and evolutionary trends at the smallest and largest
phylogenetic scales are emerging.
Ó 2007 Elsevier Masson SAS. All rights reserved.
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1. Introduction
One of the first and most successful applications of molecular
phylogeny was the recognition of the Archaea and the building
of a tripartite tree of life by C.R. Woese and collaborators from
the late 1970s. Since then, microbiology lives under a permanent
revolution, being one of the most fast-moving scientific disciplines. Vast fields of exploration are opening up for microbiology, and exciting questions whose answers were thus far
largely inaccessible by only classical approaches can now be
tackled by their combination with molecular and genomic tools.
How many microbial species are there? Over the last two
decades, the widespread use of molecular methods based on
the amplification, cloning and sequencing of small subunit ribosomal RNA (SSU rRNA) genes from the environment led us
to open the black box of prokaryotic diversity in natural communities. Operational taxonomic units (OTUs) based on SSU
rRNA sequence similarity have become indispensable proxies
to the otherwise intangible concept of microbial species. What
is the real extent of this diversity? Despite many thousands of
environmental gene and (meta)genome sequences accumulating in databases, not even an approximate answer is in close
view, and the application of the required ecological and statistical tools that could help to provide fair estimates is just starting. To the colossal diversity of archaea and bacteria detected
by molecular tools can be added a wealth of microbial eukaryotic sequences, which are revealing an unsuspected variety of
protist taxa that had escaped identification by classical
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protistology. Although they fall out of our scope here, viruses
on their own represent a whole understudied world. DNA and
RNA viruses outnumber by and large prokaryotes in oceans
and soils, and their diversity is only beginning to be roughly
drawn by metagenomic analyses.
What does all that microbial biodiversity do? How do ecosystems ultimately work? Despite massive advances in evaluating microbial diversity, its actual contribution to ecosystem
functioning is still elusive. Substantial progress is being
made though improved methodologies, including multidisciplinary approaches and metagenomic analyses, in the context
of more discovery-prone conceptual frameworks, which are
partly made possible by the finding of novel, sometimes unexpected metabolisms that are changing our understanding of
global biogeochemical cycles.
How do species evolve? Why are there so many lineages?
How did major taxa split and diversify? The study of microbial
evolution is also largely benefiting from environmental sequencing by allowing access to reservoirs of genotypes from
uncultured organisms, thus providing raw data to study microand macroevolutionary issues.
In the following, we very briefly summarize current lines
and perspectives of research about these questions.
2. The extent of microbial diversity
The intensive application of molecular techniques to describe microbial diversity in natural environments is yielding
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a massive amount of data that reveals interesting common
points and differences between prokaryotic and eukaryotic diversity parameters.
2.1. Prokaryotes
In most environments, SSU rDNA surveys have unveiled
a diversity of prokaryotes that is orders of magnitude larger
than ever thought. Comparisons between classical culture-dependent and molecular methods have revealed huge gaps and
biases in our appreciation of microbial diversity. Only a tiny
fraction, about 1%, of the actual prokaryotic diversity appears
to be amenable to culture [19], but these estimates evolve with
each methodological improvement. Soils offer a good example. Several hundred bacterial species can be isolated from
soils, a few thousand of different sequence types (phylotypes
or OTUs, usually defined on the basis of 97% sequence identity) retrieved by SSU rDNA surveys and more than 25,000
phylotypes by direct massive sequencing [34]. Moreover, reevaluation of classical DNA reassociation data with new analytical methods provides estimates of several million species
[13]. This estimate’s dependence on the methods (and underlying species concepts in some cases) makes any trial to quantify global microbial diversity too premature. In addition,
accumulation curves of SSU rDNA surveys are usually far
from saturation, suggesting that a far larger number of sequences would be required to fairly represent natural communities. However, interesting efforts to borrow parametric and
mostly non-parametric estimators of species/OTU richness
from classical ecology are arising both for microbial prokaryotes and eukaryotes, even though their present reliability
seems limited [8].
Many phylotypes appear to define novel high-ranked lineages, namely, new phyla intermixed in phylogenetic trees
with those having cultured members. However, SSU rDNAbased phylogenies are often characterized by the lack of resolution of the deepest nodes, which can partly explain the discrepancies in the number of prokaryotic phyla estimated by
different authors. A phylotype can be misplaced in trees because of insufficient phylogenetic signal and other tree reconstruction artifacts (deficient taxonomic sampling, mutational
saturation, long branch attraction), so that it can be erroneously
considered a ‘‘novel phylum’’. The case of the archaeon Nanoarchaeum equitans illustrates this point. SSU rDNA phylogenies suggest that it defines a new archaeal kingdom, but
multi-marker phylogenies have shown that it is actually
a fast-evolving member of the Thermococcales, misplaced in
SSU rDNA trees by long-branch attraction [4]. This is probably
the case for many candidate ‘‘novel phyla’’. Among current
classifications, the number of prokaryotic phyla varies from
50 to 88, reflecting not only phylogenetic artifacts but also opposite taxonomic practices. Like zoologists and botanists several decades ago, microbial taxonomists currently range
between two extremes: ‘‘splitters’’, who define new phyla for
any divergent phylotype, and ‘‘lumpers’’, who make large units
to keep as stable a taxonomy as possible. A compromise between the two is likely more realistic: several prokaryotic

phylotypes cannot be ascribed to any known group and therefore define novel phyla, but many others can, and should not
be used to artificially inflate the real number of phyla. Recent
initiatives, such as Greengenes (http://greengenes.lbl.gov), allow a very useful cross-comparison of different taxonomic
schemes. Fig. 1 shows only the 53 bacterial phyla that are acknowledged by at least 3 of the 5 taxonomic frameworks used
in Greengenes, and 17 major archaeal lineages.

2.2. Microbial eukaryotes come into play
Compared with prokaryotes, molecular inspection of the diversity of microbial eukaryotes (protists) is still in its infancy,
but it already shows contrasting tendencies to those seen in
prokaryotes. Environmental protist phylotypes usually differ
from known species sequences, but only very few of them define potential novel divergent lineages [27]. This suggests that
the traditional protist description has been much more exhaustive than the prokaryotic one, something easy to explain taking
into account the relatively large size and complex morphology
of many protists. However, molecular approaches are decisive
in demonstrating that not only are the protists of ‘‘traditional’’
size (>5 mm) very diverse, but also small nano- and pico-eukaryotes (<5 mm). Though understudied by traditional
methods, small protists turn out to be the most speciose in
many SSU rDNA molecular surveys [27].
Up to now, the majority of these surveys have been focused
on marine planktonic communities, although several other ecosystems, such as freshwater, sediments and extreme environments, have also been studied [8]. In marine plankton, the
largest proportion of protist phylotypes belongs either to the
Heterokonta or the Alveolata (Fig. 1). Heterotrophic heterokonts dominate in surface waters together with photosynthetic
picoalgae, whereas two groups of unidentified alveolates, Marine Alveolate Groups I and II, dominate in deep, aphotic waters
[27]. Group II alveolates were soon recognized as relatives of
the genus Amoebophrya and, very recently, species of the genus
Duboscquella have been shown to branch within Group I [17].
Both Amoebophrya and Duboscquella belong to the Syndiniales, a poorly known group of parasitic dinoflagellates. Parasitism may therefore be extremely common in marine protist
planktonic communities, most likely playing an unexpected
major role in population control.

3. Microbial biodiversity and ecosystem functioning
To understand how microbial and, ultimately, all ecosystems work, identifying the different components of the community is but a very preliminary step that needs to be
complemented with data about their functions (metabolism,
lifestyle), interactions, spatial and temporal dynamics and environmental parameters. Developing ecosystem models that
accommodate all this information is fundamental, but this is
a long-term objective, as primary data connecting most microbes to their functions are still missing.
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Fig. 1. Schematic phylogenetic tree of life based on current molecular knowledge (SSU rRNA and other molecular evidence). Green/light triangles represent phyla,
divisions or groups of high taxonomic rank for which at least one member has been cultivated and/or properly described (e.g. many protist species); red/dark triangles represent candidate divisions or highly divergent lineages without cultivated/described species. The tree is highly simplified, only a fraction of known eukaryotic phyla are depicted, and, in the case of bacteria, only phyla and candidate divisions agreed upon by at least three classification systems, as acknowledged in
Greengenes (http://greengenes.lbl.gov).

3.1. Linking molecular diversity and organism function
We ignore what most environmental lineages, identified exclusively by sequence, are doing in nature. Characterizing at
best environmental physico-chemical parameters may help to
formulate hypotheses about the metabolisms operating in
a given sample. A variety of techniques enables visualizing individual microorganisms, linking them to particular phylogenetic groups, gathering information about their constituents
and testing their activities in situ. Fluorescent in situ hybridization (FISH) is used to identify and quantify microbes
from particular lineages with the help of fluorescent or confocal microscopy. Biomarker (lipid) analyses also provide information about the taxonomy and relative abundance of archaea
and bacteria, often at subphylum levels. FISH can be coupled
to microautoradiography (FISH-MAR) experiments to see

whether targeted organisms metabolize particular labeled substrates added to the environment [42]. Simultaneous FISH and
gold nanoparticle labeling enables visualizing cells belonging
to specific groups, also by scanning and transmission electron
microscopy, which can reveal particular ultrastructural features, and coupling X-ray diffraction analyses, the nature of
associated mineral phases [14]. Stable isotope probing (SIP)
enables tracking carbon flow [7] and that of other elements
such as nitrogen and potentially sulfur or iron. Recently,
Raman-FISH combining stable-isotope Raman spectroscopy
and FISH has been applied to couple single cell identification
and functional observations [18]. High-throughput methods
leading to the simultaneous detection of phylogenetic and
functional markers in single cells are actively being developed.
Examples are multiplex microfluidic digital PCR on natural
communities [30] or high-speed fluorescent activated cell
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sorting followed by multiple displacement whole genome amplification and PCR screening [38].
Combining several of these strategies may prove successful. Noteworthy examples are the discovery of anaerobic oxidation of methane (AOM) by consortia of putative
methanotrophic ANME archaea and sulfate-reducing bacteria
[3,29] and that of anaerobic oxidation of ammonium to N2
with nitrite (anammox) by abundant planctomycetes bacteria
in the Black Sea [23]. Despite this, cultivation is the most direct means to associate functions to new microbes and to test
physiologically potential functions eventually deduced from
gene amplification or metagenomic data. In turn, isolation offers complete genomes that can be linked to metabolic functions and used as a reference for metagenomic annotation
and prediction. Notorious efforts have been made in recent
years to isolate representatives of uncultivated groups that appeared to be quantitatively important and potentially key
players in environmental processes. Among the most famous
are candidates Pelagibacter ubique and Nitrosopumilus maritimus, which waited many years before they could be cultivated.
P. ubique is a representative of the widespread marine gammaproteobacterial SAR11 group. It is a strict oligotroph accounting for from 25% to occasionally 50% of bacterioplankton
cells in surface waters, and possesses the smallest genome
known for a free-living heterotroph (1.3 Mb) [15]. Most marine planktonic bacteria are likely oligotrophic, but common
cultivation media are exceedingly nutrient-rich and favor opportunistic growth, a fact that illustrates how far laboratory
cultivation conditions are from those in natural systems. Fortunately, better knowledge about the latter combined with
high-throughput cultivation techniques will overcome part of
these problems, as exemplified by the isolation, after careful
mimicking of its natural habitat, of one member of the prevalent deep-sea vent euryarchaeotal group DHVE2, Aciduliprofundum boonei, an obligate thermoacidophilic sulfur- and
iron-reducing heterotroph that can make up to 15% of the archaeal population [33]. N. maritimus is the first cultivated representative of the marine Group I crenarchaeota, another
abundant planktonic group accounting for up to one third of
prokaryotic cells in deep oceanic waters [21]. It grows by aerobically oxidizing ammonium to nitrite, a metabolic ability so
far unknown for the archaea [22]. Other metabolisms unexpected in known groups have been reported, suggesting that
some metabolic capabilities may be easily transferred horizontally. For instance, the recently isolated candidatus Chloracidobacterium thermophilum, is the first member of the
Acidobacteria having chlorophyll genes and performing aerobic photosystem-based phototrophy [5]).
3.2. Massive sequencing approaches
Predicting functions from whole community genomes
(metagenomes) is a powerful approach. However, metagenomic analyses, which ultimately rely on comparative genomics of cultivated organisms, is not exempt from difficulties,
the most important being exponentially amplified annotation
errors in databases that may lead to inappropriate predictions

and huge amounts of accumulating sequence data that urgently
call for development of better adapted bioinformatic tools. Despite this, metagenomics has led to interesting functional discoveries, and its biotechnological and drug discovery potential
is being exploited by industrial companies. Cloning and sequencing of large genome fragments containing phylogenetic
markers enable coupling phylogenetic groups to particular
functional genes. Paradigmatic examples were the discovery
of rhodopsin-based phototrophy in marine proteobacteria [1],
a wide range of aerobic anoxygenic phototrophic planktonic
bacteria [2] and the suspicion, based on the presence of amo
genes, that group I crenarchaeota might oxidize ammonium
[36]. Massive random shotgun sequencing of high diversity
environments such as oceans and soils permits the identification of the most frequently represented functional genes in
metagenomes and points to metabolisms that are relevant in
a given ecosystem. Shotgun sequencing of the Sargasso Sea,
and more recently, of other surface marine locations revealed
that proton pump rhodopsin genes were extraordinarily diverse, suggesting that rhodopsin-based phototrophy is very important in marine ecosystems [35,41]. Bi-directional endsequencing of large genomic clones provides information similar to that of random shotgun sequencing with the advantage
that large genome fragments of single organisms remain available for study. This strategy has been used for the first comparative metagenomic studies in the water column [6] and in the
deep sea [25]. Shotgun sequencing of low-diversity environments such as acid mines, symbiotic consortia or enrichments
can result in construction of complete genome scaffolds and
the portraying of whole organism metabolisms. The reconstruction of a putative reverse methanogenesis pathway in
AOM archaea [16] or the complete genome scaffolds of Leptospirillum and Ferroplasma spp. [40] and of the versatile
anammox bacteria Kuenenia sttutgartensis [39] have been
made possible in this way.
Metagenomics is rapidly growing as sequencing costs decrease with the pyrosequencing and other new sequencing
strategies. Hopefully, genomics of many more cultivated organisms will expand to provide necessary references, and single cell genomics, in which interesting progress is being made,
will provide a valuable complementary approach.
3.3. Microbes and biogeochemical cycles
Efforts to link metabolic functions to organisms by taking
into account the environmental context are paying off. New
metabolisms are being discovered (AOM, anammox), as well
as unexpected capabilities in lineages for which other metabolisms were thought to be general (phototrophic acidobacteria
and euryarchaeota, ammonium oxidizing archaea). As some of
these new players are abundant and active in soils or oceans,
they have a substantial impact upon biogeochemical cycling
at the planet scale, affecting in particular carbon and nitrogen
cycles.
The major transformations of our N cycle comprehension
affect nitrification (NH3/NO2 /NO3 ), which was previously thought to be carried out by ammonia- and nitrite-
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oxidizing bacteria, respectively. The discovery of anammox
leading to the production of N2 using NO3 has broken the linearity of the process, increasing the complexity of the cycle.
At a global level, anammox is important in ocean sediments,
but its actual contribution to the loss of fixed N in oceans is
not yet known. The discovery of abundant aerobic ammonium
oxidizing archaea (AOA) in soils and the deep ocean not only
brings in another player, but also suggests that archaea, and
not bacteria, are the ecologically relevant nitrifiers at a global
level. AOA also represent a new connection with the C cycle,
as they appear to be autotrophic [20,22]. Their abundance (up
to one third of picoplankton biomass) in the deep ocean, where
only residual heterotrophy sustained on sedimenting organic
particles was thought to occur, is raising new questions about
deep oceanic ecology [6,20,25]. One of the most significant
findings for the C cycle is the importance of mixed metabolic
strategies in the ocean. Photoheterotrophy using rhodopsin
proton pumps in many different bacteria and even archaea appears broadly and abundantly distributed in photic regions
[1,41], as well as that of aerobic anoxygenic phototrophy
[2]. Lithoheterotrophy based on carbon monoxide oxidation
also appears widespread in heterotrophic bacteria of the photic
zone, and is responsible (to an unknown extent) for recirculation of greenhouse CO gas in the system [26]. Interestingly,
CO oxidation appears to be far more important in the deep
sea [25], where energy sources are limited. Versatile heterotrophs appear to adapt to oligotrophic ecosystems by exploiting any extra energy-generating metabolic reactions at their
disposal.
4. Learning about (microbial) evolution
Biological evolution has a genetic basis. Therefore, knowledge of the true extent of phylogenetic diversity in living beings provides meaningful starting data for studying underlying
patterns and processes of variation and for unraveling the history of major organismal lineages.
4.1. Macroevolution
Although the genetic diversity of multicellular eukaryotic
organisms (animals, green plants, red and brown algae, fungi)
seems large, it is rather modest when compared with the gigantic genetic diversity, partly fed by environmental molecular
and genomic studies, observed at the eukaryotic domain and
tree of life levels (Fig. 1). It turns out that most phylogenetic
diversity is found in the microbial world, which had about
three billion years more to evolve and diversify than multicellular taxa. How did the three domains of life evolve? What
were the major evolutionary driving forces behind this? Except for the origin of life itself, few (if any) questions in biology are more unsettled and controversial than how bacterial
and archaeal lines split from a common ancestor, and how eukaryotes originated. Mapping key molecular biology and metabolic features not affected by extensive horizontal gene
transfer onto as many high taxa as possible is a feasible way
of obtaining essential information that could help to
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reconstruct plausible scenarios concerning the evolution of domain or high-level taxa-specific traits.
From phylogenetic trees of genes and genomes, within-domain evolution reveals surprising trends that are not well understood. Bacterial phyla show an explosive radiation. It could be
argued that this is the consequence of peculiarities of the prokaryotic mode and tempo of evolution. However, archaea,
with their major split into two (or perhaps three) kingdoms,
their more restricted diversity and their scaled differentiation
of groups (e.g. hyperthermophiles at the base, methanogens
and the like in the middle, and hyperhalophiles at the tip of
the euryarchaeotal branch) behave essentially differently
(Fig. 1). Why is this so? The bacterial aptitude to exploit any
imaginable niche (the ‘‘microbial infallibility’’ principle proposed in the late 1940s) would explain why, with the exception
of a few extreme environments dominated by archaea such as
salt crystallizers or hydrothermal vents, bacterial diversity is
several orders of magnitude larger. In contrast, archaea might
be better adapted to energy-challenging conditions than the
seemingly more versatile and opportunistic bacteria.
The case of the eukaryotic domain is no less problematic.
The last fifteen years have seen the rise and demise of various
phylogenetic hypotheses attempting to explain the evolution of
eukaryotic taxa, the most famous of which was the archaezoa
hypothesis postulating that true amitochondriate eukaryotes
were basal in the eukaryotic branch of the tree. Heterogeneity
of evolutionary rate, low and biased taxonomic sampling and
simplistic models of sequence evolution partly accounted for
the reconstruction of such erroneous phylogenies [32]. However, even with much better sampling and many phylogenetic
markers sequenced for different cultivated groups arising from
whole genome sequences or from expressed sequence tags
(ESTs), most of the deepest nodes of the eukaryotic tree remain unresolved. A complementary approach to the inclusion
of more genes for building eukaryotic trees is increasing taxonomic sampling, as many important groups of eukaryotes
are not available in culture [28]. Improving models and tools
of phylogenetic reconstruction, mapping the distribution of
important characters on trees and broadening of the taxonomic
sampling will be of great help.
4.2. Microevolution
The vast genetic diversity observed for prokaryotes and,
more recently, microbial eukaryotes is raising important questions about speciation and also the mechanisms causing it at
the finest population genetics level (see, for instance, the special issue ’’Species and Speciation in Microorganisms’’ published in 2006 by the Royal Society B). Although there is
no consensual species concept for microbes, and sequencebased OTUs are used in practice, we can begin to make sense
of massive accumulated data by prospecting patterns of genotypic and associated phenotypic variation to determine
whether a coherent species concept can emerge and, most importantly, to explore the mechanisms involved in biological diversification. This is a general question raised by evolutionary
biologists since Darwin’s time, who have built a body of
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evolutionary ecology (macroecology) theory. Taking advantage of this knowledge, still largely unfamiliar to microbiologists, for building models and testing evolutionary hypotheses
using microbial systems holds much promise. Not only will
microbiologists improve their understanding of speciation
mechanisms, but also, evolutionary ecologists will likely benefit from the use of microbial models because microbes usually have large population sizes and evolve more rapidly. A
recent example was the study of the role of predation and immigration in adaptive radiation using a bacterial (prey)eprotist
(predator) system [12]. In addition to large population size,
there is another fundamental difference in microbial systems,
namely, the occurrence of variable rates of homologous recombination and potential high horizontal gene transfer levels.
However, the role of recombination and clonal divergence in
microbial speciation is not well understood [11], although homologous recombination is fairly common in bacterial populations, as attested by a variety of comparative genomic,
metagenomic and multilocus sequence typing (MLST) analyses (e.g. [24,31,35]).
Besides the impact of recombination barriers in speciation,
that of ecological versus geographic barriers remains another
highly debated and unsolved issue. Traditionally, speciation
is considered to occur in allopatry and, for some authors, prokaryotes and small protists, having large population sizes and
no barriers to dispersal, are ubiquitous [9]. Consequently, the
number of microbial species should be small. This is at odds
with the immense microbial (prokaryotic and eukaryotic) genetic diversity observed in nature. Part of the answer to this
paradox comes from the fact that much genetic variation is
hidden (cryptic) under identical morphologies. This was naturally accepted from ancient times for bacteria, and sequencebased OTUs have replaced any morphological species concept, but it is not yet widely accepted by some traditional protistologists despite increasing evidence of huge amounts of
genetic variation evidenced by MLST within single morphospecies [37]. Within-morphospecies lineages may be considered cryptic species (in some cases they do not even mate).
They sometimes co-exist in the same environment, suggesting
that speciation in sympatry can occur. An interesting possibility is that ecological barriers define ecotypes that become genetically isolated, forming new species. Studies of lightintensity-adapted Prochlorococcus genomic and ecological
patterns in the ocean are providing insights concerning this
question [10]. However, to evaluate the contribution of this
mechanism to speciation, many more data are needed from
different prokaryotic and protist models, as well as the potential selective pressures that may be operating taking into account prevalent environmental conditions, including data
about local environmental heterogeneity.
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